A B S T R A C T Since many cell types have been shown to respond to extracellular stimulation with a rapid increase in phosphatidylinositol turnover, the present studies were undertaken to determine whether carbohydrate-stimulated insulin secretion from the isolated rat pancreatic islet is accompanied by detectable alterations in the phosphatidylinositol metabolism of this tissue. We have demonstrated that rat pancreatic islets incubated with tritiated myo-inositol rapidly incorporate radioactivity into islet phosphatidylinositol. Incubation of prelabeled islets with elevated concentrations of carbohydrates which stimulate insulin scretion (D-glucose -and D-mannose) results in a decrease in the recovery of lipidbound radioactivity, whereas incubation with carbohydrates which do not stimulate insulin secretion (D-galactose and myo-inositol) has no effect upon the recovery of lipid-bound radioactivity. Within 2 min of exposure of prelabeled islets to elevated concentrations of D-glucose, a decrease in the recovery of [2-'H]myo-inositolderived radioactivity in islet phosphatidylinositol can be demonstrated. When islets prelabeled with [2-8H]myoinositol are perifused with elevated concentrations of D-glucose or D-mannose (but not D-galactose or myoinositol) a rapid and transient increase in the rate of extracellular release of water-soluble radioactivity is observed. Since a significant fraction of the radioactivity released under these conditions is in the form of myoinositol-phosphate, cyclic myo-inositol-1,2-phosphate, and glycerophosphorylmyo-inositol, it is presumably derived This work was presented in part at the Joint Annual
INTRODUCTION
Phosphatidylinositol (PI) 1 is a member of a class of membrane phospholipids, the phosphoinositides, whose metabolism has been recently speculated to be related to such diverse cellular processes as ion transport (1) , nerve impulse conduction (2), phagocytosis (3) , lymphocyte transformation (4) , and the secretion of various intracellular materials (5) . In response to appropriate stimuli, a rapid and specific increase in the turnover of PI has been found to be associated with stimulated hormone secretion from a number of endocrine tissues (6) (7) (8) (9) (10) . In murine pancreas (9) , porcine thyroid (10) , and rat parotid gland (11) , the primary event in this phenomenon is the hydrolysis of PI to form 1,2-diacylglycerol and a mixture of myo-inositol-1-phosphate (MI-P) and myo-inositol-1,2-cyclic phosphate (cMI-P). The subsequent resynthesis of the decreased intracellular PI pool appears to occur as a secondary and somewhat delayed response (9) (10) (11) (12) . In rat brain (13) , in murine cells in tissue culture (14) , and in Saccharomyces cerevisiae (15) , the degradation of PI has also been found to involve its deacylation with the consequent release of glycerophosphorylmyo-inositol (GPI). Although the functional significance of increased PI breakdown in 'Abbreviations used in this paper: cMI-P, myo-inositol-1,2-cyclic phosphate; DPI, diphosphatidylinositol; GPI, glycerophosphorylmyo-inositol; MI, myo-inositol; MI-P, myoinositol-phosphate; PI, phosphatidylinositol; TPI, triphosphatidylinositol.
The Journal of Clinical Investigation Volume 57 March 1976@684-691 684 stimulated tissues has not been defined, and no role has been discovered for cMI-P (16), several workers have speculated that the hydrolysis of PI is related either to the cell-surface recognition of secretagogues (12) or to the reorganization of cellular membranes associated with stimulated hormone secretion (5, 14, 17) .
Since insulin secretion from the beta cell of the pancreas is thought to occur by the process of emiocytosis (18) , followed by a recycling of membrane constituents (19) , the present studies were undertaken to determine whether carbohydrate-stimulated insulin secretion is accompanied by detectable alterations in the phosphoinositide metabolism of isolated rat pancreatic islets. The studies which form the basis of this report lead us to suggest that, as has been demonstrated in other secretory tissues, carbohydrate-stimulated secretion of insulin from rat pancreatic islets is accompanied by a rapid alteration in the PI metabolism of this tissue.
METHODS
Isolation of pancreatic islets. Islets of Langerhans were prepared from the pancreases of fed male Sprague-Dawley rats by the technique of Lacy et al. (20) . Islets were transferred to polypropylene center wells (Kontes Glass Co., Vineland, N. J.) containing 0.1 ml of Krebs-Ringer bicarbonate solution, pH 7.4, (modified to contain 1.0 meq/liter calcium) which contained bovine plasma albumin (0.3 g/ 100 ml, wt/vol, Armour Pharmaceutical Co., Chicago, Ill.), unlabeled myo-inositol (MI) (0.01 mg/ml, Sigma Chemical Co., St. Louis, Mo.), and (unless otherwise indicated) 1 .0 mg/ml n-glucose (Sigma Chemical Co.) with a gas phase of oxygen (95%) and carbon dioxide (5%o). This solution is subsequently referred to as "standard buffer solution." Batches of 20-30 islets were collected for incubation studies, and 50-135 islets were used for perifusion experiments. The elapsed time between excision of the pancreas and the beginning of each experiment was monitored and did not exceed 60 min.
In vitro incubation studies. To study the rate of incorporation of [2-3H] MI into total islet lipid and into the individual phosphoinositide fractions, an additional 0.1 ml of standard buffer solution which contained [2-3H] MI (2.84 Ci/mmol, New England Nuclear, Boston, Mass.) was added to the center wells, which were incubated at 370C in a metabolic shaker for the times indicated in Fig. 1 . The center wells were then transferred to tubes containing 3.0 ml HCl (0.1 N) in methanol and 2.0 ml of H20 (3) . Chloroform (6.0 ml) was added and the tubes shaken intermittently for 1 h. A 2.0-ml sample of MgCl. (1 M) was added, the tubes shaken and centrifuged and the upper phase removed by aspiration (this step was repeated four times).
With each set of experiments, a control center well containing no islets was processed in an identical fashion to assure that the washing procedure eliminated all counts derived from water-soluble [2-'H]MI from the lower phase.
In the absence of islets, the radioactivity recovered from the lower phase did not differ from that of background.
To determine [2-3H] MI incorporation into total islet lipid, duplicate 1.0-ml aliquots of the lower phase were pipetted into scintillation vials, dried under nitrogen, dissolved in 10 ml of scintillation fluid (toluene-Triton X-100, 2: 1, vol/ vol, PPO 11 g/liter, and POPOP 0.1 g/liter), and counted in a liquid-scintillation spectrometer (Searle Analytic, Inc., Atlanta, Ga.) (Fig. 1) . The phosphoinositide classes were separated by thin-layer chromatography (21) . A 3.0-ml portion of the lower phase from the lipid extraction procedure was dried under nitrogen, dissolved in a small volume of chloroform: methanol: H20 (75: 25 with Rs of 0.61 and 0.50, and TPI migrated as a single band with an R, of 0.31. After chromatography, the plates were dried at room temperature for 2 h and 1-cm bands of silica gel were removed with a spatula and counted as described above. The incorporation of [2-'H] MI into the individual phosphoinositides was estimated by the radioactivity recovered in the areas corresponding to the migration of the phosphoinositide standards (Fig. 1) . The mean recovery of phosphoinositide-bound radioactivity in this system was found to be 59.5±13.9%o, and the relative recoveries of PI, DPI, and TPI were assumed to be similar to the recovery of total lipid-bound radioactivity.
To study the effect of an elevated concentration of Dglucose upon the recovery of radioactivity in the individual phosphoinositides, paired batches of islets were incubated with [2-3H]MI for 1 h as described above. The incubation medium was removed by aspiration with a finely drawn-out pipette under a dissecting microscope.' To each paired batch, 0.2 ml of standard buffer solution which contained either a low (1.0 mg/ml) or a high concentration of D-glucose (5.0 mg/ml) was added. The islets were subsequently incubated for the times indicated in Table I , and islet phosphoinositides extracted and separated as described above.
The effect of elevated concentrations of various carbohydrates upon the recovery of [2-8H] MI-derived radioactivity in total islet lipid was evaluated in a third series of experiments. Batches of islets were incubated for 60 min with [2-3H] MI (0.64 Ci/mmol) as described above. The incubation medium was replaced with 0.4 ml of standard buffer solution containing either various concentrations of n-glucose or with 3.0 mg/ml solutions of D-galactose, Dmannose, or unlabeled MI and incubation continued for an additional 30 min (Table II ). An aliquot of the medium (0.2 ml) was removed for the determination of insulin content by radioimmunoassay with Sephadex-bound antibody (Pharmacia Fine Chemicals, Inc., Upsala, Sweden), using crystalline rat insulin (Novo Research Institutes, Copenhagen, Denmark) to establish nine-point standard curves, and total islet lipid was extracted and counted as described above.
Perifusion experiments. To determine whether the decreased recovery of lipid-bound radioactivity observed after 'In ten consecutive experiments this procedure was found to remove all but 0.0036±0.0013%o of total radioactivity. Of the residual islet-associated radioactivity, 85±4%o was water-soluble and the remainder was lipid bound. exposure of prelabeled islets to stimulatory concentrations of D-glucose or n-mannose was accompanied by an extracellular release of radioactivity derived from the breakdown of labeled PI, two series of perifusion experiments were performed. In the initial series, islets were incubated with standard buffer solution containing [2-3H]MI and 0.3 mg/ml D-glucOse for 2 h. The islets were then transferred to 5-/Am cellulosic filters (Gelman Instrument Co., Ann Arbor, Mich.) contained within plastic perifusion chambers (Millipore Corp., Bedford, Mass.). The chambers were maintained at 370C and perifused at the rate of 0.9 ml/min. The effluent was collected in graduated centrifuge tubes maintained in an ice bath.
The islets were washed by perifusion with standard buffer solution containing 0.3 mg/ml D-glucose for 30 min. The effluent was collected over 5-min intervals for the initial 20 min and at 1-min intervals for the final 10 min of the wash period. The perifusate was then changed to either a fresh 0.3 mg/ml D-glucose solution or to a solution containing 5.0 mg/ml 1)-glucose and perifusion continued for 30 min. The effluent was collected over 1-min intervals for the initial 10 min following the change, and over 5-min intervals thereafter. In six consecutive experiments, at the end of the wash period 46.7±4.1%o of the remaining isletassociated radioactivity was lipid-bound and the remainder was water-soluble.
The release of water-soluble radioactivity from the islets was determined in 0.5-ml aliquots of the effluent diluted with 10 ml of Aquasol (New England Nuclear) (Fig. 2) . The insulin content of the effluent was determined as described above, and the 1)-glucose concentration of the effluent was determined by the glucose oxidase technique to determine the dead time of the perifusion system (2 min).
The release of water-soluble radioactive MI, MI-P, cMI-P, and GPI was determined by high-voltage paper electrophoresis (24) . Perifusion experiments were performed as described above, and the effluent collected over 3-min intervals. The release of total water-soluble radioactivity was determined in 0.5-ml aliquots and the remaining effluent from each collection period was lyophilized, dissolved in 0.5 ml of H2O, deproteinized, and desalted by passage through a 1 X 25-cm column of Biogel P-2 (Bio-Rad Laboratories, New York, N. Y.). The fractions containing radioactivity were pooled, lyophilized, dissolved in a small volume of H20, and spotted on 15 X 50-cm sheets of S and S no. 2316 paper (Schleicher & Schuell, Inc., Keene, N. H.). The papers were saturated with a mixture of pyridine: acetic acid: H20 (4: 100: 895, vol/vol/vol) and electrophoresis carried out at 18 V per cm for 8 h with the same solvent system (24) . The migration of MI, MI-P, (Sigma Chemical Co.), cMI-P (prepared by the method of Pizer and Ballou [25] ), and GPI (Supelco, Inc., Bellefonte, Pa.) standards were determined for each run by means of a silver nitrate staining technique (26) . With this system, the average migration of MI was 2.6 cm; GPI, 23.6 cm; MI-P, 26.9 cm; and cMI-P, 29 .4 cm. Strips corresponding to the migration of the standards were counted in 10 ml of Aquasol. Since radioactive standards of MI-P, cMI-P, and GPI were not available, the recovery of these compounds through the isolation procedures was assumed to be the same as that of total water-soluble [ (Table II) . Those concentrations of n-glucose (2.0, 3.0, or 5.0 mg/ml) which stimulated insulin secretion also produced a significant decrease in the recovery of [2-3H]MI-derived radioactivity in total islet lipid (Table  II) . Similarly, D-mannose increased the mean output of (Fig. 2) . The release of insulin was biphasic, with the peak of the first phase occurring between the 8th and 9th min and the second phase beginning after the 15th min of the experiment Fig. 2 ). The amount of insulin released by the islets compared favorably with that previously observed by Lacy et al. (20) under similar experimental conditions.
The release of water-soluble radioactivity from islets prelabeled with [2-3H]MI and perifused with solutions containing 0.3 mg/ml D-glucose progressively declined throughout the experiment (Fig. 2) . However, within 1 min of exposure of the islets to rising D-glucose concentrations, a marked increase in the rate of release of water-soluble radioactivity was observed, which rose to a peak within 4 min and returned to the control rate over the succeeding 3 min. The total net release of radioactivity derived from [2-3H] FIGURE 4 Comparison of the effect of a 10-min pulse of 3.0 mg/ml D-galactose (n = 5), 3 .0 mg/ml MI (n = 3), or 1.0 mg/ml D-glucose (n = 5) on insulin secretion and the release of radioactivity derived from [2-3H] MI from prelabeled perifused islets. The experimental conditions are otherwise similar to those described in Fig. 3 (Fig. 3) . Pulses of a lower concentration of either D-glucose (2.0 mg/ml) or of D-mannose (3.0 mg/ml) gave rise to lesser increments in the rate of insulin secretion and the release of water-soluble radioactivity (data not shown). In contrast, when islets were exposed to pulses of D-galactose or MI there was no change in the rate of insulin secretion or in the rate of release of water-soluble radioactivity (Fig. 4) (29) or could result from the action of a deacylating phospholipase within the islets (13, 15, 29, 30) .
The ratio of MI-P and cMI-P (0.87: 1) released after exposure of prelabeled islets to elevated D-glucose was similar to that observed by others after the incubation of PI with particulate cerebral cortex (27) or water-soluble hepatic (24) and lymphocyte (31) PIdegrading enzyme activity and with that observed in studies of the porcine thyroid gland (10) . The possibility that the islets contain MI-P phosphomonoesterase and cMI-P phosphodiesterase activities which could have contributed to the observed pattern of release of radioactive MI and its phosphorylated derivatives will require further investigation.
Freinkel et al. have recently observed that the majority of the radioactivity released from rat islets preincubated with [3P]orthophosphate in response to carbohydrate stimulation is in the form of inorganic phosphate and that none can be shown to be associated with the water-soluble phosphorylated derivatives of MI (28) . It should be pointed out that if the amount of released radioactivity associated with MI-P and cMI-P in their experiments was similar to the amount of radioactivity found to be associated with these compounds in the present study, it would represent less than 1/1,000 of the total release of 'P which they observed and could have escaped detection by their analytical techniques.
The present studies indicate that approximately half of the total amount of MI-derived radioactivity incorporated into islet phospholipids is rapidly depleted during the 30 min after exposure to a stimulatory concentration of D-glucose and that nearly two-thirds of this breakdown occurs within the first 5 min of stimulation. While the rate and magnitude of this decrease in recovery of lipid-bound [2-3H]MI is striking, it is similar to the decreases in PI observed in other secretory tissues after stimulation (9, 11) . Unfortunately, the small amount of PI present in isolated islets does not permit quantification of the changes in islet PI content or in its specific activity. Therefore, it is not clear whether the PI degraded in response to D-glucose stimulation represents a small pool of PI which turns over rapidly, or whether the observed changes reflect alterations in the entire PI content of the islets.
While our observations may appear to be in conflict with the studies of Fex and Lernmark in which an acute effect of insulin secretagogues upon the rate of incorpoPhosphoinositide Metabolism and Insulin Secretion ration of 32P into PI could not be demonstrated (32, 33) , it should be pointed out that the present study describes the effect of n-glucose upon the breakdown of prelabeled PI, whereas the earlier studies were concerned with the resynthesis of PI after islet stimulation. Since PI resynthesis may be both physically and temporally removed from the acute phenomena which accompany the stimulated secretion of intracellular materials (12), it is not surprising that although these workers could not demonstrate an acute effect of Dglucose upon islet PI synthesis (32, 33), we and others (34) have demonstrated an acute effect upon its rate of breakdown.
In other secretory tissues, the degradation of PI has been speculated to play a functional role as part of a transport mechanism in which the cell membrane could be opened at discrete locations through the action of a MI-specific phospholipase C ;(5). More recently, it has been suggested that the deacylation of PI would provide an even more effective mechanism by which openings in the granule or plasma membranes could be produced (14) . In addition, Michell has recently speculated that the stimulated cleavage of PI may be related to the mechanism by which information is transmitted from cell-surface receptors to the interior of the cell (12) . Since PI metabolism has been thought to be related to the movement of calcium ions and the generation of nerve membrane potentials (1), it is tempting to speculate that an analogous D-glucose-induced alteration in islet PI metabolism may play a role in the generation of the calcium fluxes (35) and the bioelectrical alterations (36, 37) which accompany insulin secretion from rat pancreatic islets. While the present studies indicate that carbohydrate stimulation of rat pancreatic islets results in a rapid alteration in the metabolism of MI-containing phospholipids, the functional relationship of this phenomenon to the process of insulin secretion remains to be determined.
